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We propose a measurement system for photoinduced minority carrier absorption of 9.35 GHz microwaves using periodically pulsed light
illumination at 620 nm. The ratio of average carrier density when light illumination is ON to that when light illumination is OFF, P, was theoretically
analyzed for different light pulse widths. The analysis of P resulted in a formula giving the minority carrier lifetime e of silicon under continuous
light illumination. e for holes was experimentally determined using the formula, and its spatial distribution was obtained to be from 1.0 x 1072 to
1.28 x 10=3s for n-type silicon substrates with a thickness of 520um coated with 100-nm-thick thermally grown SiO, layers. We also
demonstrated that 7o depended on the means of light illumination for a defective sample. Two different 7o values were obtained, 7 x 10~° and
1.73 x 10~* s, in the cases of light illumination to the top surface and rear surface, respectively, when the SiO layer was etched up to 2nm at the

top surface. © 2011 The Japan Society of Applied Physics

1. Introduction

Semiconductor solar cells have been attractive as a device
producing electrical power from sunlight."? A high quality
of semiconductors and their surfaces is demanded for
achieving a high conversion efficiency of such cells. The
analysis of the photoinduced carrier properties of semi-
conductors is therefore important. A nondestructive and
noncontact measurement system is attractive for such a
purpose. Measurements of quasi-steady-state photoconduc-
tance (QSSPC) and microwave photoconductive decay have
been widely used for the measurement of the photoinduced
minority carrier lifetime.>™ Precise analysis of photocon-
ductive decay characteristics has been established using a
free-carrier diffusion process in order to investigate the
minority carrier surface recombination velocity as well as
the minority carrier bulk lifetime, which are important
parameters for evaluating the photoconductive properties of
semiconductors.””'" When surfaces are well passivated and
surface recombination velocities are sufficiently low, the
effective lifetime tpgicar 1S directly given by the minority
bulk carrier lifetime 7, the minority carrier recombination
velocities of the top and rear surfaces, Sy, and Spear,
respectively and the substrate thickness d. Tcpassical 1S in-
dependent of the carrier diffusion coefficient. A well-known
and simple description of 7¢jusical has been widely used:'?
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We have developed a microwave free-carrier absorption
measurement system with continuous-wave (CW) light
illumination.'® The free-carrier absorption effect is sensitive
in the microwave frequency region. Free -carriers in
semiconductors respond to the incident electrical field of
microwaves on the order of GHz and complex refractive
indexes can be changed so that the transmissivity changes
with the density of free carriers. The change in microwave
transmittance precisely gives the density of minority
carriers. When CW light is illuminated to a semiconductor
sample, the density of minority carriers per unit area, N, is
effectively given by the carrier generation rate G per unit
area, determined by photon flux, internal quantum efficiency,
and light reflection loss, and the effective minority carrier
lifetime T} as

N =J}G. 2)

Ty is governed by carrier annihilation via the recombination
of holes and electrons in defect states located at the surfaces
of a semiconductor as well as in its bulk. In previous
reports,'™'¥ we analyzed < in the case of carrier
generation occurred just at the semiconductor surface as
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where D is the minority carrier diffusion coefficient and Syop
is the surface recombination velocity on the light illumina-
tion side (top surface). Sie,r is the recombination velocity on
the dark side (rear surface). N was precisely measured with a
limitation on the order of 10'° cm~2 by detecting the change
in microwave intensity with sufficient integration time under
CW light illumination. This is an advantage for the
investigation of the low carrier generation rate associated

*E-mail address: tsamesim@cc.tuat.ac.jp

03CA02-1

- Slop
Tb

) 3
D

2d
- Srear exp\ — \/D—'L’
b

with a low light intensity. However, it is not easy to
experimentally determine tJ} under CW light illumination
because the carrier generation rate G strongly depends
on light reflection loss, which is sometimes unknown. A
transient measurement system is therefore important to
obtain the minority carrier lifetime.

In this paper, we propose a free-carrier microwave
absorption measurement system with periodically pulsed
light illumination, which precisely gives the effective
minority carrier lifetime 7. under a low light intensity.
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The ratio of the average carrier density in the dark to that
under light illumination, P, is measured by time integration
during illumination with many light pulses. The analysis of
P gives a formula for determining ., which is close to 7gf;.
We discuss carrier annihilation properties using P and 7.
We demonstrate the measurement of 7. using the present
method without information on G for n-type crystalline
silicon.

2. Theory

We supposed that photoinduced carriers were annihilated
at recombination sites concentrated at the surfaces and
uniformly distributed in the bulk substrate. The recombina-
tion sites at the surfaces give the surface recombination
velocities Siop and Spear. The recombination sites uniformly
distributed in the bulk substrate gave the bulk lifetime ty.
When light is absorbed in the top surface region of
semiconductors with a sufficiently high absorption coeffi-
cient, the generation of photoinduced carriers is limited just
in the top surface region, while there is no carrier generation
in the bulk. The photoinduced minority carriers therefore
diffuse into the substrate according to time-dependent
diffusion equationls) as,

b Fnlx,t)  n(x,1)  on(x,0)
ox2 P

“

where n(x, t) is the carrier volume density at a depth of x and
at a time of 7. Carrier generation and carrier annihilation
occur at the top surface, and carrier annihilation only occurs
at the rear surface. We therefore place the boundary
conditions of carrier generation and carrier recombination
ratios as

d
D n(x, t) = Stopn(o, t) - G([), (53)
ox |
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where D is the diffusion constant of minority carriers, G(t) is
the carrier generation ratio per unit area determined by
photon flux, internal quantum efficiency, and light reflection
loss, and d is the thickness of the semiconductor substrate.
n(x,t) was calculated using a time-evolution-type finite
element differential method when light is periodically
illuminated for a duration of 7, and light is subsequently
turned off for 7', as shown in Fig. 1(a). For the finite element
calculation, the lattice constant should be much lower than
the carrier diffusion length for the minimum light pulse
width or minimum bulk lifetime. Since the minimum light
pulse width and minimum bulk lifetime were 2.5 and 10 us
in this paper, those carrier diffusion lengths were about 55
and 110um, respectively. The lattice constant was set at
2 um, which was similar to the light penetration depth shown
in the Experimental Procedure. The minority carrier density
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Fig. 1. Images of light illumination (a), and generation and annihilation
of photoinduced carriers (b).

per unit area N(f) was also calculated by integrating n(x, )
with x from O to d at each ¢ as

d
N(1) =/ n(x, 1) dx. (6)
0

N(t) changes with time as shown in Fig. 1(b). N(f) increases
under light illumination and decreases in the dark. It is
essential that N(r) must periodically change according to
periodic light illumination after sufficient time from the
initiation of illumination. N(#) consists of zero-frequency
(CW) components, which include information on T}, as
well as components of integral multiples of the fundamental
frequency of 0.57~!. The minimum calculation cycle
number m for obtaining periodic N(¢) was defined as

INQmT) — NQ2(m — 1)T)|
NQ2mT)

< 0.001. @)

Time zero (r = 0) was defined again after 2mT in order to
calculate periodic N(¢#) when the light is ON and when the
light is OFF. The average carrier density during light
illumination, N,,, was calculated by time integration from 0
to T. The average density of residual carriers in the dark
(light OFF), N, was also obtained by time integration from
T to 2T. We defined P(T) as the ratio of Nog/Non as

1 27
—/ N(@) dt
Nott T

T
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We calculated P(T) as a function of T with different 1y, Siop,
and Sie,r Values in the cases of minority carriers of holes and
electrons.
When Siop and Speor were 0, N(f) was simply expressed
using a model with a single time constant 1, because the

carrier annihilation ratio was governed by 1, at any spatial
points in the substrate as

xp(—r—tb> O<t<T),

(T <t <?2T).

P(T) =
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P(T) was given as
Notr
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P(T) monotonically decreased from 1 to O as T increased.
When T = t,, P(T) was expressed as

(10)

-1
P(ty) = eT ~ 0.859. (11)
When light pulses with a width of 1, were periodically
illuminated, most of the minority carriers remained in the
semiconductor in the dark in the case of Sy, and Speqr of 0.
When T was 21y, P(T) was expressed as
-2
— e

1
PQty) = ~0.615.

14 3e2

P(T) decreased from 0.859 to 0.615 as T increased from Tty
to 21,. We designated the pulse width for P(T) at 0.859 as
Toulse 1N general cases it was expressed as

Tputse = T(P = 0.859).

12)

13)

Moreover, we defined R as the time difference between
pulse widths for P(T) at 0.615 and 0.859 divided by the
pulse width for P(T) at 0.859 as
R— T(P=0.615) — T(P = 0.859)
o T(P = 0.859)

(14)

Touse and R were 7, and 1, respectively, in the limited case
of Siop and Siear Of 0. Tpuie and R were used to characterize
minority carrier annihilation properties and obtain the
effective minority carrier lifetime for the present method.

According to the free-carrier absorption model,'® the
photoinduced carrier volume density n(x, f) causes a change
in complex specific dielectric constant. The real part ¢, and
the imaginary part & of the complex specific dielectric
constant of semiconductor are expressed as

2.2
w. T
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where w is the angular frequency, &* is the specific dielectric
constant of the semiconductor in the dark, n; is the refractive
index of the semiconductor, ks is the extinction coefficient
of the semiconductor, T is the motion lifetime of free
carriers, and w, is the plasma angular frequency expressed

as
ern(x, 1)

wp = ,
m*egpe*

where gy is the dielectric constant in vacuum, e is the
elemental charge and m* is the effective mass of free
carriers. The refractive index and extinction coefficient are
given with the real part &, and the imaginary part &; of ¢
as
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The absorption coefficient « is given as
4rk 2we;
o= _ V2we (20)
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where c is the light velocity. A semiconductor solid has a
serious damping property with a short motion lifetime less
than 10~'2s. In this case, & was approximately expressed as

2
a)pr

11— 242
cla)pt

where w is the carrier mobility. When « is not so large, the
microwave transmittance 7; is expressed as

d (T, T; ew (T,
s ) = = 2 ) ~ - ), ), (22
dx (Tr0> a(TrO> 08¢ (Tr())n(x b 22

where T,y is the microwave transmittance in the dark field.
The integration of eq. (22) with depth gave a simple relation
between transmittance and carrier density per unit area N(f)
defined by eq. (6) as

d
m(E) .l / n(x, 1y dx = —CN(),
0

T £08%
InT,o — InT,

N(t) ~ —c

where C is a constant of e /(go&}). P(T), defined by eq. (8),
is therefore experimentally obtained using the logarithm of
the microwave transmittance as

2T
/ (InT,o — InT,)dt

TT . 24)
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P(T) =

3. Experimental Procedure

Two 15 © cm n-type 4-in. silicon substrates with a thickness
of 520um were prepared. The both surfaces of both
substrates were coated with 100-nm-thick thermally grown
SiO, layers (sample I). The SiO, layer at the top surface
of a silicon substrate was thinned to about 2nm using 5%
diluted hydrofluoric acid to make a defective surface with
a high surface recombination velocity at the top surface
(sample II).

The 9.35GHz microwave transmittance measurement
system was constructed using waveguide tubes, as shown
in Fig. 2. It had a narrow gap for placing a sample wafer. A
small hole was opened on a wall of the waveguide to place
an optical fiber for introducing light from a 620 nm light-
emitting diode (LED). Crystalline silicon has an optical
absorption coefficient of 4460 cm ™' at 620 nm.'® The optical
penetration depth was therefore about 2.2 um, which was
much lower than the substrate thickness. Carrier generation
was limited in the surface region. The light was switched
by switching the operation voltage applied to the diode with
pulse widths ranging from 5 x 107> to 1 x 1072s. A Teflon

ne=, Ll Vor T (18)  plate was placed aslant in the waveguide tube to reflect and
2 diffuse LED light. Consequently, the sample was uniformly
03CA02-3 © 2011 The Japan Society of Applied Physics
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Fig. 2. (Color online) Schematic of experimental apparatus.

illuminated at 0.8 mW /cm? with periodic LED light pulses.
Microwave was coincidentally switched with the light pulse
turned ON or OFF, respectively, using a coincident switch-
ing circuit to obtain changes in microwave transmittance
during light ON or OFF. The microwave, which transmitted
the sample, was rectified using a high-speed diode and inte-
grated with time with a time constant of 2s. The integrated
voltage was detected by a digital electrometer. The change
in the transmittance of microwaves was also measured in the
case of CW light illumination for comparison.

4. Results and Discussion

Figure 3 shows the calculated P(T) as a function of T for the
hole minority carrier for the 520-um-thick silicon substrate
in cases of 1y, (8), Siop (cm/s), and Sieqr (cm/s) as follows: A:
1 x 1073,0,0, B: 1,0, 5200, C: 1, 5200, 0, D: 1, 2600, 2600
(@)and E: 4 x 107%,0,0,F: 1, 0, 130, G: 1, 130, 0, and H: 1,
65, 65 (b), respectively. The Tjicar Values were 1 x 10735
in the four cases shown in Fig. 3(a) and 4 x 10™*s in the
four cases shown in Fig. 3(b), respectively. P(T) was high at
almost 1 when T was shorter than 1 x 107 s in every case,
as shown in Fig. 3(a). This means that the average carrier
densities were almost the same between the light ON and
OFF states because light switching was sufficiently rapid
compared with the carrier annihilation. P(7) monotonically
decreased as T increased. The average carrier density during
light OFF was lower than that during light ON when 7 was
long because minority carriers annihilated during a long dark
duration. The change in P(T) with T was simply described
by a single time constant of 1 x 107> s in case A, as given in
eq. (10). On the other hand, P(T) remained constant at 1 up
toa T of 7 x 1077 s in case B as shown in Fig. 3(a) because
minority carriers were alive up to the time of diffusion from
the top surface to the rear surface with a diffusion coefficient
of 12cm?/s for holes. P(T) then rapidly decreased as T
increased from 7 x 107> s, as shown in Fig. 3(a). There was
sufficient time for carriers to reach and annihilate at the rear
surface in the dark. The characteristic of P(T) in case B was
much different from that in case A, as shown in Fig. 3(a),
although both conditions gave the same T jugsicar Of 1 X
107>s. On the other hand, P(T) gradually decreased as T
increased in the case of the defective top surface, C,
as shown in Fig. 3(a). Photoinduced carriers effectively
annihilated at the surface for all pulse widths. However,
some carriers diffused into the substrate and remained alive
for a long time until their diffusion back to the top surface
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Fig. 3. Calculated N(¢) as a function of 7 for the hole minority carriers
for 520-um-thick silicon substrate in cases of ty, (), Siop (CM/S), Srear (cM/5)
as follows: A: 1 x 1073, 0, 0, B: 1, 0, 5200, C: 1, 5200, 0, D: 1, 2600, 2600
(a) and as, E: 4 x 1074,0,0, F: 1,0, 130, G: 1, 130, 0, and H: 1, 65, 65 (b),
respectively. The Tepasical Values were 1 x 107 s in the cases A-D in (a) and
4 x 10~*s in cases E-H in (b).

because there was almost no defect in the bulk or at the rear
surface. P(T) was therefore rather high in the large-pulse-
width case. Case D gave defects equivalently located at both
surfaces. Photoinduced carriers annihilate at the top surface
as well as at the rear surface. It was similar to case C at half
of the substrate thickness. P(T) was therefore lower than
that in case C. The results of cases A to D shown in Fig. 3(a)
indicate that the present method can be used for analyzing
defect localization. On the other hand, the P(T) character-
istics were similar among cases E to H, as shown in
Fig. 3(b). Tclassical Was 4 x 10~ *s, given by a long tp,, a low
Stop» and a low Spe,r. These results come from the fact that
a low carrier annihilation rate gives a similar density of
photoinduced carriers and its in-depth distribution for all
defect localization types. In low-carrier-annihilation cases,
Teassical Das an effect on what and defect localization cannot
be distinguished.

Figure 4 shows a summary of P(7) for hole minority
carriers as a function of T in cases of 1y, values ranging from
1 x1073 to 1 x 10735, and Stop = Srear =0 (a); Tp =15,
Siop = 0, and Syeqr values ranging from 5200 to 52 cm/s (b);
T, =18, Sip values ranging from 5200 to 52cm/s, and
Srear = 0 (¢); and 1, = 15, and Syop = Spear values ranging
from 2600 to 26 cm/s (d). The 15 conditions of ty, Siop, and
Srear 1N €ach case gave the same Tjical SEries ranging from
1 x 1075 to 1 x 1073 s, the same as that given in case (a).
P(T) monotonically decreased as T increased for every case
because the average density of residual carriers in the dark
decreased as the duration of light OFF increased. Similar
P(T) shapes were obtained among Figs. 4(a)-4(d) cases for
Telassical lOnger than 4 x 10~*s. This means that the carrier
concentrations were similar and similarly distributed in the

© 2011 The Japan Society of Applied Physics



Jpn. J. Appl. Phys. 50 (2011) 03CA02

T. Sameshima et al.

105 =
0.8/3 2x1§=°
QLI o
O] T W\NGCNG
Sl
© 041222104
3 2X104 @ 8x10
g 5x10° @ oX =
|88 § g
@ X110 @ =
1012 =
Sroar
08105200 cmis
g
— 0.6[3 366
R ol 458
0.41& 260
21 o
02r'g 104 @
586 @

1.0

"
0.8+® 5200
3300
= 0.6[ 3 866
T o4l 8520
0.4 é 260
02'% 104 @
@ 86 ®

1.0

p

ops rear
0.8 ® 2600
1o
=061 433
T | ©328
04r 3458
3% 8%
02rg83 9353
o L2 43 B.26
10°% 105 104 103 102

T1s]

Fig. 4. N(¢) for hole minority carriers as function of 7 in cases of T,
values ranging from 1 x 1075 to 1 x 1073s, and Siop = Srear = 0 (a);
Tp = 18, Siop = 0, and S, values ranging from 5200 to 52cm/s (b);
Tp = 18, Siop values ranging from 5200 to 52cm/s; and Siear = 0 (€),
and 7, = 1, and Siop = Spear values ranging from 2600 to 26 cm/s (d).

depth direction among cases (a)-(d), and that 7, L Siop/d,
and Siear/d equally contributed carrier annihilation proper-
ties in the four carrier annihilation cases. On the other hand,
different P(T) behaviors were obtained among cases (a)—(d)
for Tepassicar Shorter than 4 x 10~*s. In the case shown in
Fig. 4(a), the P(T) shape plotted as a function of logarithmic
T was the same for every Ty (= Tclassicat) because P(T) is
governed by t,/7, as shown in eq. (10). On the other hand,
P(T) curves shifted to long-7 regions for the first 8§
conditions with S, values ranging from 5200 to 174cm/s
for Tepassicar less than 4 x 107*s, as shown in Fig. 4(b)
compared with Fig. 4(a). Photoinduced minority carriers
remained for a long time until their diffusion to the rear
surface. On the other hand, in the case shown in Fig. 4(c),
P(T) gradually decreased in the short-7' regions, and the
low-P(T) regions shifted to the high-T regions under the
first 8 conditions with S, values ranging from 5200 to
174 cm/s for T jassical less than 4 x 10 *s, compared with
Fig. 4(a). The density of photoinduced minority carriers was
effectively decreased by high Sy, for all pulse widths. On
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Fig. 5. N() for the electron minority carrier as function of 7 for cases of
7y values ranging from 1 x 107 to 1 x 107®s, and Sigp = Srear = 0 ();
Ty = 18, Siop = 0, and Sy values ranging from 5200 to 52cm/s (b);

Tp = 18, Siop values ranging from 5200 to 52cm/s; and Srear = 0 (€),

and 1, = 1s, and Siop = Spear values ranging from 2600 to 26 cm/s (d).

the other hand, when they diffused into the silicon bulk, they
were alive until their diffusion back to the top surface. The
same recombination velocity at the top and rear surfaces and
a long bulk lifetime of 1s resulted in P(T) characteristics
between the cases shown in Figs. 4(a) and 4(c). The minority
carriers that diffused into the silicon bulk could be
annihilated at the rear surface before returning to the top
surface. This was effectively equivalent to the thin substrate
condition shown in Fig. 4(c). A close localization of defects
means an effectively uniform distribution of defects.

We also calculated the P(T) characteristics of electron
minority carriers. Figures 5(a)-5(d) show a summary of
P(T) values for the electron minority carrier as functions of
T under the same conditions of Ty, Sip, and Seer given in
Figs. 4(a)—4(d) for hole minority carriers. In the cases of
7, values ranging from 1 x 107 to 1 x 10735, and Siop =
Stear = 0 (2), P(T) gave the completely the same results as
those for hole minority carriers, as shown in Figs. 4(a) and
5(a) because there was a uniform annihilation rate given by
Ty in the silicon bulk. Although the P(T) values in the

© 2011 The Japan Society of Applied Physics
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Fig. 6. 7. as a function of t{j} in four defect localization cases shown in
Figs. 3-5.

other three cases also gave similar results to those for hole
minority carriers, as shown in Figs. 4(b)—4(d) and 5(b)-5(d),
the P(T) behaviors in cases (b) to (d) for electron minority
carriers were similar each other compared with those in case
(a) than to those for hole minority carriers. Electrons have
a high diffusion coefficient of 36 cm?/s compared with 12
cm?/s for holes. The high diffusivity increased the minority
carrier diffusion length so that electrons more effectively
interacted with defects located spatially apart than holes.

The effective carrier lifetime was obtained by the analysis
of P(T) values shown in Figs. 3-5. Through many numerical
investigations, we propose the effective carrier lifetime 7.
as

Tpulse

—pube 2
1 +log R 25

Teff =

Terr Was equivalent to Tejassical Under a limited condition of
Stop = Srear = 0. In this case, P(T) was governed by 7, under
as given by eq. (10). Tpuse Was T, equivalent to Tejassical> as
given by egs. (1) and (13). R was 1 under this condition as
given by eq. (14). In other cases, especially highly defective
surfaces, Tpyse Was not equivalent to Telagsical, a5 shown in
Fig. 3. Figure 6 shows t.s as a function of 7} in the four
defect localization cases shown in Figs. 3-5. There was a
very good agreement between these cases from 1 x 107> to
10~3s. The difference between them was less than 15% of
their values. This indicates that 7.¢ defined in eq. (25) gives
the minority carrier lifetime under CW light illumination.
The advantage of the present method of microwave
transmission measurement under periodically pulsed light
illumination is that no information of the carrier generation
rate G is necessary. Therefore, the present method can be
applied to the measurement of the minority carrier lifetime
for sample with a complicated surface structure with no
information on surface reflectivity. Figure 7 shows R as a
function of t. for the hole minority carrier (a) and the
electron minority carrier (b) in the four defect cases shown
in Figs. 4 and 5. R was only 1 in the case of Siop = Spear = 0.
On the other hand, it was higher than 1 when the top surface
was defective with high recombination velocities, as shown
in Figs. 4(c) and 5(c), because N(f) gradually decreased as T
increased. R was lower than 1 when the rear surface was
defective with high recombination velocities, as shown in
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Fig. 7. R as a function of 7y for hole minority carriers (a) and electron
minority carriers (b) in four defect cases shown in Figs. 4 and 5.

Figs. 4(b) and 5(b), because P(r) was high for T at least up
to the time of carrier diffusion across the substrate thickness
and then rapidly decreased as T further increased. R became
1 as e exceeded 4 x 10~*s for hole minority carriers and
2 x 10~*s for the electron minority carriers, as shown in
Figs. 7(a) and 7(b), respectively. T was equivalent to
Telassical- Lherefore, Teassical has an effect on when it is above
4 x 107*s for hole minority carriers and 2 x 10~*s for
electron minority carriers, which is realized using good-
quality silicon with a long tp, a low Siop, and a low S,
On the other hand, T.ica cannot be used for defective
materials. R depends on defect localization and its density.
Tesf gives an accurate effective lifetime over a wide range
of carrier recombination densities for CW light illumination.
R for hole minority carriers can have a very high values
compared with R for electron minority carriers, as shown in
Fig. 7. This is because of the low carrier diffusivity. Defect
localization can seriously affect photoinduced hole carrier
annihilation properties.

Figure 8 shows experimental P(T) as a function of T for
measurements at different places of sample 1. The measure-
ments were carried out by moving sample I in the horizontal
and vertical directions normal to the incident microwave in
steps of 10 mm in the horizontal direction and in steps of
Smm in the vertical direction using a moving stage. The
measurements at different places resulted in similar P(T)
curves, which were functions of T with single time constants
given by eq. (10). N(¢) was almost 1 for T up to 3 x 10™%s.
These indicate that sample I had long effective minority
carrier lifetimes, which distributed rather uniformly over
the substrate. Figure 9 shows the t. spatial distribution
analyzed from P(T) shown in Fig. 8 by eq. (25). t.s ranged
from 1.0 x 1072 to 1.28 x 1073 s. It was obtained with a
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Fig. 8. Experimental P(f) as a function of T for measurement at different
places of sample 1.
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Fig. 9. 7. spatial distribution analyzed from P(f) shown in Fig. 8 using
eq. (25). terr values were presented for each measurement point.

time resolution of 1 x 1073s. The present method made
it possible to measure the minority carrier lifetime with a
resolution of 1 x 10™>s and a spatial resolution of about
1 cm under a low light intensity of 0.8 mW/cm?. One point
of a sample was chosen to investigate a transient signal of
microwave transmittance during light ON and OFF with
a pulse width of 1 x 10725 using a digital oscilloscope.
Figure 10 shows a normalized difference in the logarithm of
the microwave transmittance between cases in the dark and
under pulsed light illumination, In 7,y — In 77, and a normal-
ized calculated change in carrier density per unit area given
by eq. (9) during one period of light ON and OFF. Prior to
the measurement, a sufficient number of light pulses were
irradiated to realize periodic changes in the minority carrier
density, as shown in eq. (7). T measured by the present
method with eq. (25) was 1.03 x 10~%s. The logarithmic
plot of the vertical axis of Fig. 10 clearly shows a single
exponential decay of In Ty — In 7; since the light pulse was
OFF although the noise level was rather high at 10~2. Fitting
a calculated curve to the experimental one resulted in a
time constant of 1.06 x 1073 s. This value well agreed with
1.03 x 1073 s obtained by the present method.

Figure 11 shows P(T) as a function of T for sample II in
the cases of pulsed light illumination to the top surface with
a 2-nm-thick SiO; layer and to the rear surface with a 100-
nm-thick SiO, layer. Figure 11 also shows P(T) as a
function of T for sample II, which was obtained prior to the
SiO, etching. The initial sample I had a high 7 of
1.05 x 1073 s, which was very close to that of sample I. On
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Fig. 10. Normalized difference in logarithm of the microwave
transmittance between cases in the dark and under pulsed light illumination,
In T;p — In T, and normalized calculated change in carrier density per unit
area given by eq. (9) during one period of light ON and OFF. The te
measured by the present method with eq. (25) was 1.03 x 1073 s.
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Fig. 11. P(7) as a function of T for sample II in the cases of pulsed light

illumination to the top surface with a 2-nm-thick SiO, layer and to the rear
surface with a 100 nm thick SiO, layer. P(T) as a function of 7 for
sample II, which was obtained prior to the SiO, etching, was also presented.

the other hand, P(T) shifted to small-pulse-width regions in
the case of the top surface with a 2-nm-thick SiO; layer. In
the case of illumination to the top surface, P(T) gradually
decreased as T increased. On the other hand, it was almost
1 up to 8 x 1077 s in the case of illumination to the rear
surface. Then it rapidly decreased as T increased from
8 x 107 s. Such different behaviors of P(T) for different
means of light illumination were well explained by our
theory discussed above. Experimental P(T) was analyzed
using our model as shown in Table I. 7. was high at
1.05 x 1073 s for original sample II prior to the etching of
SiO,. It markedly decreased to 7.0 x 1073 and 1.73 x 1075
for light illuminations to the top surface and rear surface,
respectively, when the SiO, layer was etched up to 2 nm at
the top surface. Two different g values clearly indicate that
the carrier annihilation property depends on the means of
light illumination for a defective sample. The analysis of
above three 7. values using eq. (3) resulted in the most
possible Ty, Siop and Seeer as 5.2 X 10735, 680cm/s, and
20 cm/s respectively, for sample II with a 2-nm-thick SiO,
layer at the top surface. Etching the SiO, layer increased the
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Table I. Experimental t, InT;0 —In7;, and (In7p — In Tr)rc’f} values
for light illumination to the top surface and rear surface for sample II with
2-nm-thick SiO, layer at the top surface, and for light illumination to the
rear surface for original sample II coated with 100-nm-thick SiO, layer.

L L Illumination
Illumination to Illumination to
to rear surface

top surface rear surface (initial)
Teir (9) 7.0 x 107° 173 x 107* 1.05 x 1073
InTy—InT; 0.011 0.0263 0.1622
(InTo—InTyryl (s71) 158 152 154

recombination velocity at the top surface. The experimental
demonstrations of Figs. 8—10 show that the present method
has a capability for the precise measurement of the minority
carrier lifetime and defect localization properties under
illumination with a low light intensity. We also measured the
change in microwave transmissivity by CW light illumina-
tion at 0.8 mW /cm? for sample II. As described in eqs. (2)
and (23), the carrier density per unit area during CW light
illumination was proportional to the logarithm of the change
in transmissivity by CW light illumination and the minority
carrier lifetime as
N = %(ln To—InTy) = t3G. (26)
The logarithms of the change in transmissivity by CW
light illumination, In 7T,y — In T}, were 0.1622 for the original
sample II with a 100-nm-thick SiO; layer in the case of light
illumination to the rear surface. It decreased to 0.0263 for
sample II with a 2-nm-thick SiO; layer at the top surface in
the case of light illumination to the rear surface, as shown in
Table 1. The difference in the above two values must result
from change in the effective carrier lifetime for CW light
illumination caused by etching SiO, at the top surface
because the rear surface maintained the same properties
including the optical reflectivity property, which meant that
G in eq. (26) remained constant. T obtained by the present
method was 1.05 x 1073s for the original sample. It
decreased to 1.73 x 10~*s for sample II with a 2-nm-thick
Si0; layer at the top surface in the case of light illumination
to the rear surface. The values of In Ty — In 7, divided by
Teir were almost the same between the cases of light
illumination to the rear surface for the original sample II and
sample II with a 2-nm-thick SiO, layer at the top surface.
Those results mean that 7. given by eq. (25) is in good
agreement with 7.

5. Conclusions

We reported the measurement of the minority carrier lifetime
of silicon using free-carrier absorption of 9.35 GHz micro-
waves under illumination with a low light intensity. We
constructed a measurement system of photoinduced minority
carrier absorption of 9.35 GHz microwaves using periodi-
cally pulsed light illumination at 620 nm at 0.8 mW /cm?. We
also developed a numerical analysis program of photo-
induced carrier generation, diffusion, and annihilation at
surfaces with Sy and Sre,r and in the bulk substrate with Ty,.
The ratio of the average carrier density when light
illumination is ON to that when light illumination is OFF,
P(T), was introduced to investigate carrier annihilation
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properties. P(T) changed from 1 to O as the pulse width of
light, T, increased. It simply changed with a single time
constant 7, when S, and Sye,r Were zero. On the other hand,
P(T) remained almost 1 for T until a diffusion time in the
substrate even when Sy, was very large if 7, was large and
Siwp Was zero. P(t) decreased for a short T when Sy,
markedly increased. We introduced tpyis as a pulse width for
P(r) at 0.859 and R as a ratio of the difference between pulse
widths for P(f) at 0.615 and 0.859 to tpys. We defined the
effective minority carrier lifetime g using Tpuse and R as
Toutse /(1 +1og R). We demonstrated that 7 is in good
agreement with the minority carrier lifetime over a wide
range of T values for CW light illumination. It is possible to
determine the minority carrier lifetime without information
on the carrier generation rate including surface reflection
loss using our method with Teff. Telassical given as (T, Ly
Siop/d + Srear /al)_1 coincided with 7.; when T.¢ Was above
4 x 107" and 2 x 107*s for hole and electron minority
carriers, respectively, for a 520-um-thick silicon substrate.

Teff for hole minority carriers was experimentally demon-
strated for n-type silicon samples coated with 100-nm-thick
thermally grown SiO,; layers. The spatial distribution of ¢
was obtained to be 1.0 x 1073 to 1.28 x 1073s with a
resolution of 1 x 10™>s over a 4-in. substrate. When the
SiO; layer was etched up to 2nm at the top surface, we
obtained two different to values of 7 x 10~ and 1.73 x
10~*s in the cases of light illumination to the top surface and
rear surface, respectively. This demonstrated that minority
carrier density depended on the means of light illumination
for defective samples with a low 7.

Acknowledgment

This work was partly supported by a Grant-in-Aid for
Science Research C (No. 22560292) from the Ministry
of Education, Culture, Sports, Science, and Technology of
Japan.

1) A.Rohatagi: Proc 3rd World Conf. Photovoltaic Energy Conversion, 2003,
p. A29.

2) M. A. Green: Prog. Photovoltaics 17 (2009) 183.

3) G.S. Kousik, Z. G. Ling, and P. K. Ajmera: J. Appl. Phys. 72 (1992) 141.

4) J. M. Borrego, R. J. Gutmann, N. Jensen, and O. Paz: Solid-State Electron.
30 (1987) 195.

5) G. W. ‘t Hooft, C. Van Opdorp, H. Veenvliet, and A. T. Vink: J. Cryst.
Growth 55 (1981) 173.

6) H. Daio and F. Shimura: Jpn. J. Appl. Phys. 32 (1993) L1792.

7) 1. Sritharathikhun, C. Banerjee, M. Otsubo, T. Sugiura, H. Yamamoto, T.
Sato, A. Limmanee, A. Yamada, and M. Konagai: Jpn. J. Appl. Phys. 46
(2007) 3296.

8) Y. Takahashi, J. Nigo, A. Ogane, Y. Uraoka, and T. Fuyuki: Jpn. J. Appl.
Phys. 47 (2008) 5320.

9) M. Boulou and D. Bois: J. Appl. Phys. 48 (1977) 4713.

10) Y. Ogita: J. Appl. Phys. 79 (1996) 6954.

11) C. Munakata: Jpn. J. Appl. Phys. 43 (2004) L1394.

12) J. W. Orton and P. Blood: The Electrical Characterization of Semicon-
ductors: Measurement of Minority Carrier Properties (Academic Press,
London, 1990) Chap. 4.

13) T. Sameshima, H. Hayasaka, and T. Haba: Jpn. J. Appl. Phys. 48 (2009)
021204.

14) T. Sameshima, M. Shimokawa, J. Takenezawa, T. Nagao, M. Hasumi, S.
Yoshidomi, N. Sano, and T. Mizuno: Proc. 6th Thin Film Materials and
Devices Meet., 2009, p. 100228115.

15) A. S. Groove: Physics and Technology of Semiconductor Devices (Wiley,
New York, 1967) Chap. 5.

16) E. D. Palk: Handbook of Optical Constants of Solids (Academic Press,
London, 1985) p. 547.

© 2011 The Japan Society of Applied Physics


http://dx.doi.org/10.1002/pip.892
http://dx.doi.org/10.1063/1.352174
http://dx.doi.org/10.1016/0038-1101(87)90149-3
http://dx.doi.org/10.1016/0038-1101(87)90149-3
http://dx.doi.org/10.1016/0022-0248(81)90285-2
http://dx.doi.org/10.1016/0022-0248(81)90285-2
http://dx.doi.org/10.1143/JJAP.32.L1792
http://dx.doi.org/10.1143/JJAP.46.3296
http://dx.doi.org/10.1143/JJAP.46.3296
http://dx.doi.org/10.1143/JJAP.47.5320
http://dx.doi.org/10.1143/JJAP.47.5320
http://dx.doi.org/10.1063/1.323537
http://dx.doi.org/10.1063/1.361459
http://dx.doi.org/10.1143/JJAP.43.L1394
http://dx.doi.org/10.1143/JJAP.48.021204
http://dx.doi.org/10.1143/JJAP.48.021204

